This paper presents a strategy for assessing reconfigurability at the architecture level in the design of a complex system to fulfill a chaotic objective. A hi-fidelity simulation environment is used to quickly run a myriad of test scenarios on a reconfigurable system and a more traditional alternative. Specifically, the design of a mobility system for a Mars rover is used in this assessment. Rovers provide an excellent illustration of the issue; 1) the mobility problem is one with many random variables, 2) rover architectures are complex enough that a make-it, break-it, fix-it approach is prohibitively expensive and time consuming, and 3) several rover architectures employing reconfigurability have been proposed or are already under development. The ultimate objective of this research is to compare complex systems across a widely diverse range of architectures and reconfigurations. This paper is a step toward that goal. Four rovers -two architectures using two size scales -are tested in twenty terrain challenges, and their performance is explored across various levels of ground traction, slope, and rock field density. By considering potential missions as a combination of the objectives of the terrain challenges, architecture selection is explored. Performance is the primary measure considered in this paper with cost, risk, and other considerations to be addressed in future work.
Introduction
R econfigurability and flexibility are concepts that the design community has been exploring for several years.
The accepted definition of a reconfigurable system is "one in which the configurations can be changed repeatedly and reversibly." 1 Reconfigurability can be used to provide any of three benefits. Multi-ability allows a system to perform multiple functions, albeit not concurrently. Evolution allows the system to change over time to meet new expected or unexpected demands. Finally, reconfigurability can grant survivability by enabling a system to continue operating with reduced functionality despite one or more sub-system or component failures. For the purpose of this paper, multi-ability will be the primary objective of the reconfiguration.
Several case studies have explored reconfigurability in a variety of settings, and many authors have explored reconfigurable unmanned aerial vehicles (UAV). In one paper, the wings were assigned a reconfigurable NACA number and an optimal airfoil was used for each segment of a five segment mission. The reconfigurable UAV was compared to a static UAV for which a single airfoil was selected for the entire mission. 2 In another paper, optimal UAVs were built for a variety of missions by changing wings and propulsion styles. 3 Typical performance indices used were fuel consumption, mission range, loiter time, and velocity.
In another paper, Ferguson, S., et al. employed reconfigurability in the design of a family of race cars. Different levels of reconfigurability were designed into three different race cars. 4 They showed that a car with fully reconfigurable aerodynamics would reduce lap-time around a track by 8.83%.
Siddiqi, et al have applied reconfigurability to planetary rovers in several ways. A reconfigurable wheel for a planetary surface vehicle was considered in which width and diameter of the wheel were changed to optimize a performance function which was a function of the drawbar force and torque required to drive the wheels over a variety of soil types. 5 They demonstrated that the optimal wheel configuration was a function of which of the two 2 American Institute of Aeronautics and Astronautics objectives was given more weight. Reconfigurability has also been incorporated into to a fleet of Mars Astronaut Transport Vehicles (ATVs). 6 In this work, value is demonstrated by showing that a team of five reconfigurable vehicles can do the work of six static vehicles with a considerable decrease in the mass (used as the cost parameter) of the total system. The objectives are defined in terms of vehicle range, speed, payload, and towing capacity.
The existing works in reconfigurability share a common thread in that they have a clearly defined objective function by which to assess performance of a system. For race cars it is lap time. 4 For UAVs it is loiter time, range, or fuel consumption .2,3 For planetary vehicle wheels it is drawbar force. 5 As of yet, reconfigurability has not been applied to problems in the face of chaotic objectives. The challenges of designing a rover architecture for mobility in rugged and uncertain terrain pose a chaotic objective. Additionally, reconfigurability research has looked at subsystem or component level reconfigurations, but has mostly ignored architecture transformations. New techniques for assessing more complex forms of reconfigurability will enable improvements in complex system design. This paper addresses several key challenges in assessing reconfigurability by using hi-fidelity simulations to collect three different performance measures of a Mars rover traversing chaotic terrain. These performance measures are then combined into a single performance score to facilitate architecture selection between a traditional rover design and a rover with reconfigurable architecture.
II.

Background
A. Mars Rovers
Planetary rovers have been under serious development since the early 1960's, when NASA's Jet Propulsion Laboratory (JPL) began work developing lunar rovers. Mars has been a major focus of rover development since 1971, when the Mariner 4 spacecraft returned the first up-close photos of Mars. The challenges of designing a rover for use on Mars are considerable, even without considering the engineering precision that must go into landing a vehicle on Mars. The first Lunar rovers were able to be controlled in near real-time (< 3s round-trip for RF signal) 6 , Martian rovers must be at least semi-autonomous since there is always at least a 45 minute delay time for control from Earth. 8 Additionally, relatively little is known beforehand about Martian terrain 9 so the rovers must be designed to accommodate a large degree of uncertainty in what they will encounter. The rovers that have been previously sent to Mars are static designs using a similar mobility architecture. All successful missions have used a six wheeled rocker-bogie suspension system. These rovers have been successful in their missions; in fact all have significantly exceeded their nominal lifetimes. However, the missions for these craft have been deliberately chosen to provide low risk for any conceivable failure 10 . As the desire for greater scientific return drives increased mission scale, the wide variety of Martian terrain is going to require more versatile rovers.
As of the recent landing of Curiosity, JPL has been using increased rover size to increase versatility. Eventually, the size of the rover will be limited by how much return is gained from the increase in mass. This will open the door for new and innovative rover designs. Considering the multidimensionality of the challenges facing a rover on Mars, reconfigurable designs should provide mass-efficient means to overcome the difficult terrain.
The rocker-bogie suspension system has been used on every successful Mars rover mission to date. This system was first used for the Mars Pathfinder mission in 1997 as the suspension for the Sojourner microrover. 11 Rockerbogie systems consist of a differential mechanism (the "rocker") joining one wheel to a bogie that holds two more American Institute of Aeronautics and Astronautics wheels (see figure 2 ). This combination enables the rover to keep all six of its wheels in contact with the ground passively, reducing control complexity considerably compared with active suspension systems. This is an important aspect for two main reasons: it helps maintain even ground pressure on all the wheels (reducing the likelihood that the vehicle will sink into the ground) and all wheels are able to contribute to propulsion. 12 It also allows for the wheels to undergo a large amount of articulation with a rigid suspension, allowing scientific instruments to remain relatively stable during surface traverse.
Figure 2. Left side of the Mars Exploration Rover rocker-bogie suspension
Other variations on this type of suspension have been proposed. The multistage bogie system attempts to provide even greater weight distribution and articulation by connecting many bogies in series. 7 The Shrimp rover suspension uses four wheels on bogies in concert with a sprung front wheel. This allows it to keep all wheels in contact with the ground in a similar manner to the rocker-bogie. 13 However, the primary limitation of the rocker-bogie suspension scheme is its low top speed. Dynamic interactions that would be sustained at speeds exceeding ~10cm/s would severely impact the rover's stability.
14 Such challenges must be overcome as larger scale missions are considered and if the rovers are to assist manned exploration.
In an effort to explore novel rover architectures, the Transforming Roving-Rolling Explorer (TRREx) rover has been developed at North Carolina State University. It is a multi-ability reconfigurable rover design that has one mode that allows it to move on six wheels, and a second mode that allows it to roll down slopes in the form of a sphere. In roving mode, the TRREx employs a form of highly active suspension with its six legs to maintain even weight distribution. These legs are fully articulated, and could also be used to walk the rover through particularly difficult terrain. When the TRREx encounters a decline, it can reconfigure into ball mode by folding its body and locking its legs into their stowed position. This design is capable of some mobility in ball mode by partially extending legs to change its center of gravity, allowing it to avoid obstacles or restart itself without the need to fully reconfigure into its roving mode. The act of reconfiguring between these two operational modes is shown in Fig, 3 . Models of these rovers were created in the Webots environment which will be discussed introduced in the next section. 
B. Simulation Environment
Webots 15 is a commercial robotics package used in this research to conduct virtual simulations of proposed system operation. Effective simulation allows comparative studies of complex systems to be conducted without the need for the significant investment required for scale prototyping. Traditionally, simulations of highly complicated rovers are limited to the detailed kinematics and control schemes that are involved in the operation of a single rover type. [16] [17] [18] Webots was chosen because it offers large scale simulation capabilities using simplified models of rover architectures. The models include simulated servomotors, actuators, cameras, and sensors, while the physical interactions of the robot with its environment are handled by the Open Dynamics Engine (ODE), 19 an open source library of code for simulating rigid body dynamics. Simulation allows for a higher level investigation of a system than analytical modeling and testing that is not possible or feasible for high fidelity prototypes. The gravity vector can be changed to its value at the Mars Orbiter Laser Altimeter datum, 3.711m/s 2 . This allows the rovers to be tested in an environment that approximates the one in which they would actually operate. Furthermore, driving a complex prototype off a large rock on a steep incline is an expensive proposition. It can be done easily and repeatedly in Webots without dealing lasting damage to the simulated rover. The methodology section describes the details of the terrain and rover development in the simulated environment. 
III. Methodology A. Experimental Setup
As noted previously, two rover designs are compared in this study: a traditional rocker-bogie architecture and a multi-ability reconfigurable architecture based on the TRREx design. Full models of these rovers were created in Webots, and a variety of trial environments were created to test the rovers along a straight line course. The environments were 8 m wide and 25 m long. The rovers were started 2.5 m along the length and in the center of the width. They were pointed at a target 20 m directly ahead. This approach allowed assessment of each architecture's innate characteristics without complicating the analysis with varying levels of control complexity and sophistication. Performing the analysis in this open loop analysis will later provide an indication of how much control would be needed to make each architecture viable in different scenarios. In future work, control complexity may be added to the analysis and treated as a cost variable.
For the full size case, the rocker-bogie rover was modeled to be the same size as the Curiosity rover: approximately three meters from the front wheel to the back and three meters wide. The TRREx concept was scaled to be approximately the same size as the rocker-bogie model so that it would behave similarly in the terrain. The roving mode of the TRREx is thus approximately 3m from front wheel to rear wheel and 2m across at the wheels. At this scaling, the TRREx ball mode is a 1m sphere. The sphere used was solid rather than hollow on the assumption that the mass of computer and instruments at the center of the rover would make it behave more like a solid sphere. Having the models be on the same order in size also means that they can be assumed to have similar mass and cost requirements. In future work, the assessment should include measuring mass and cost tradeoffs. American Institute of Aeronautics and Astronautics Since the focus on developing better rovers so far has involved increasing size, another variation considered was identical rovers of different sizes. Both models were tested at full scale and at half scale in an effort to determine the effect of size on performance. In practice, it was easier to change the size of the environments than to scale the rovers. Therefore, the rock fields were doubled in size for the half scale tests and distances were then halved in the analysis. Table 1 : angle of ascent/decent, traction, and rock field density. The slope variable refers to the angle the ground makes with a plane perpendicular to the gravity vector. The rover starts pointed straight up (or down) the slope of this hill. While local anomalies may create small features with steeper than 30° slopes, according to several studies, the soil characteristics on Mars suggest that it is unlikely that large features with uniformly steeper slopes exist. 20 Since a fully capable robot could navigate around a localized trouble spot, this investigation was bounded to slopes within ±30°. Golombeck and Rapp provide the most widely cited model describing the distribution of rocks on Mars. They model a rock field as follows:
In Eq. 1, N is the cumulative number of rocks per square meter with a diameter greater than or equal to a given diameter, D (in meters). F is the cumulative fractional area covered by rocks with diameter greater than or equal D. L, s, k, and q are constants that can be fit to the data of any particular rock field. 8 The second equation is a model for correlating between different types of global and local data such as thermal inertia data from orbital measurements and rock field observations by rovers. This is not as useful as the first equation for generating terrain. For this reason, terrain generation used the first equation to model a diameter distribution based on given input parameters L, s, the dimensions of the desired field, and the slope angle. A Matlab code was developed to randomly assign diameters and locations to rocks that would follow this distribution. In this paper, rocks were modeled as spheres with their centers lying in the plane of the sloped ground.
The "sparse" field uses the fit for the Viking 2 lander site: L=6.84, s=8.3. The "dense" field uses the fit for Mars Hill, a testing site in Death Valley, CA which is quite rugged in comparison: L = 4.78, s = 3.06. In this case, sparse and dense are relative terms, as the VL2 site is believed to be amongst the rockiest places on Mars while Mars Hill is most likely more rugged than any site anywhere on Mars. Such rugged fields were chosen in the spirit of testing a chaotic objective. American Institute of Aeronautics and Astronautics
The same rock field was used for all of the trials of a certain type, as shown in Table 2 . That is, the rock field in trial 2 is the same as the rock field in trial 1. Likewise, in trial 5, the same rocks were used. Their height (y-axis coordinate) was reassigned so they would lie in the 15 o plane instead of the 30 o plane. In this way, the data accurately depicts the difference between 30 o and 15 o without adding variation from stochastic rock locations. A soil model accounting for sinking and slipping was desired for this investigation. Webots is a powerful tool for rover design, control, and simulation; however, it is configured mostly around rigid body assumptions. It is not particularly well equipped to model deformable terrain. Therefore the ground interaction variable only includes a slipping model but not a sinking model. Soil strength is often modeled starting with Eq. 3.:
(3)   max is the maximum shear stress the soil can sustain. c is the cohesitivity,  is the normal stress on the soil,is the soil's friction angle. Since sinking was not considered and Martian soil has very low cohesitivity, c can be neglected. Rearranging the terms: (4) In Eq. 4, C f is the friction coefficient which can easily be modeled in Webots. Two values of  were chosen for the ground-wheel interaction. "Low" friction is modeled as C f = tan (17 o ). This is in the range given for dust deposits. "High" friction is modeled as C f = tan (38 o ) which is consistent with dust overlying rock.
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Creating all possible combinations of the three variables yields 20 scenarios, as listed in Table 2 . Figure 7 shows several sample screenshots of the terrains. Note, at least four of these scenarios are so unlikely to occur as to be physically unrealistic. Soil with an internal friction angle of 17 o would never be expected to form a slope of 30 o . Thus trials 2, 4, 18, and 20 are not expected to represent real world trials. As will be shown in the results, the rover behaved as poorly as expected in those situations. They were included for completeness. 
C. Experimental Process
Both rovers were operated such that on flat ground they would be moving at a constant 2.5 cm/s. This is representative of a mid-range speed for Mars rovers, although they are usually operated closer to 1 cm/s since large parts of their control is done on Earth. The simulation output provided the rover's location every 10 seconds. Rovers were evaluated in terms of average speed, deviation from a straight line path, and mean free path length. The evaluation measurements will be discussed in greater detail in the next section.
In several cases, a rover would completely fail a trial. One scenario typical for both rovers was that its orientation was disrupted as it attempted to navigate the rock field and exited the field on one side or the other rather than traversing all the way to the target. This failure mode could be avoided in future testing by making the rock fields arbitrarily large. However, this scenario is indicative of a disruption sufficiently large that a command input would be required to return the rover to its desired path. Thus for the purpose of this research it is useful to treat it in the same way as the other failure modes. A rover would sometimes be able to partially surmount an obstacle only to have its body get hung up and prevent it from moving. The rover might manage to pull itself free from such a situation, but it is likely that this process would cause severe damage to a rover. Another common failure involved the rover encountering an obstacle it simply could not overcome, especially for the smaller rover architectures. Finally, friction with the ground was sometimes insufficient for the rover to make forward progress uphill or to prevent an uncontrolled downhill slide. When any of these failures occurred, a note was made in the data sets and the rover was manually moved past the obstacle. This allowed the rover to be evaluated across multiple sections of the rock fields instead of only the small distance before first failure.
D. Performance measures
Several performance characteristics were calculated from the raw Webots data output. In some trials, the obstacles would cause a failure that would end the trial. In other trials, the rover was made it all of the way to the target with only minor course disruptions caused by the various obstacles. Three performance measures that describe both cases were chosen, and they are discussed in this section. A description of how the various measures were used to inform the architecture selection is also provided.
Figure 7. Examples of the sparse (above) and dense (below) rock fields used in the rover testing American Institute of Aeronautics and Astronautics
The most basic description of performance is "How far did the rover go?" This is answered by the "first stop" (FS) metric. Mathematically, this is described as the straight line distance from the start point to the point that the first rover failure occurred. This metric is highly susceptible to a "luck" factor. While the distribution of the obstacles provides some expectation as to how far the rover should go, a large rock in front of an initialized rover can end a trial before much data is collected.
To overcome the limitations of the FS metric, a rover encountering a failure would be reset and moved over the obstacle causing the failure. The trial would resume from there. This would continue for several restarts (at the discretion of the tester) or until the rover passed the target. The data was broken into forward progress segments by selecting points out of the data representing when the rover started and stopped. In this way, multiple trials were performed of the first stop measurement.
Mean free path (MFP) is defined as "expected distance that the vehicle can travel in a straight line before it encounters a non-traversable hazard 20 " Patel, N. et al have used this measure to classify the rover's intrinsic ability to overcome obstacles. Often MFP is calculated analytically based on the rock distribution and some index rock size that a rover cannot overcome. In this study, it was measured directly as the average of several trials' FS measurements. This allows the terrain to determine what causes the stop, rather than an analytical failure model. The benefit is the arrangement of rocks sometimes allows the rover to overcome an obstacle that an analytical derivation would assume to cause a failure. The drawback is that with the limited number of simulations, the MFP measurements are susceptible to noise.
The mean free path ratio (MFPR) is the ratio of MFP to the diameter of the rover's minimum turning circle. It can assess how sophisticated the navigational control of a rover must be. If the MFPR is much bigger than one, the rover should need only occasional course corrections and high-level navigation inputs. If the MFPR is much smaller than one, the rover is incapable of navigating in the terrain under consideration. For a rover with MFPR near one, mobility is possible but requires detailed sensing and sophisticated navigational control. 21 In the case that the rover made it to the target, the MFP was assigned as 20m for the sake of assigning a score to the trial. This is necessary because the simulation cannot run forever so some limit must be imposed. The large rocker bogie rover has a turning diameter near 5.6m. So if it travels 20m without a failure, its MFPR is greater than 3.5. Thus, the rover is pretty capable compared to the terrain and running it further to get an exact number is a low value use of simulation time.
Another measure of the rover's performance was the Root Mean Square Distance from the Path (D rms ). It is calculated for each data point as follows:
Where z rover is the coordinate of the rover left/right of its intended travel direction and z path is the location of the straight line from the start to the finish. D rms provides a different measure of control input required. It characterizes how much the ground moves the rover away from its desired straight path. One problem arises with this measure for the case that the rover gets stopped. Each time the rover trial is restarted, the rover returns to the desired path. For that reason, this data is normalized against the MFP. Thus, a D rms * becomes the ratio of how far the rover moves sideways to how far it moves forward. The multiplied scalar sizes the measure to a value that is easier to read. As shown in Eq. 6, D rms * is the normalized root mean square distance from the path measurement.
Finally, average speed (V avg ) was calculated across the trial, as shown in Eq. 7. The rovers were all set to run at the same speed in each trial, so this is a measure of how the rock field hinders the rover's forward progress. For each forward progress segment of the trial, the distance between start and end point is calculated. Because the data points were recorded at a regular interval, the elapsed time can be easily found. 
E. Performance measure compilation
Hazelrigg's decision based design describes a decision making approach using utility curves to represent strength of preference (SoP) in mapping some system characteristic to a non-dimensional utility score. 22 Then the various utility scores are added, with a weighting to determine an overall system utility score, as shown in Eq. 8:
where U j is the utility of the j th alternative, w i is the weight of the i th performance characteristic, x i,j is the level of the i th performance characteristic of the j th alternative and u i,j is the non-dimensional utility as a function of x i,j . 23 For this investigation, it is assumed that the designer's SoP curves are known. The three performance measures, MFPR, D RMS * , and V avg , are mapped to utility measures according to the assumed SoP curve. Then the utility for each rover trial was compiled based on some assumed weights. In this way, a selection of the best architecture for a given trial can be made in a mathematically rigorous and repeatable way. Several hypothetical missions were envisioned and evaluated as a combination of the scenarios from the twenty trials. An investigation was done to explore the effect of different weighting structures on the final architecture decision. The utility score for a hypothetical mission was taken to be the time weighted average of the utility scores of the constituent missions.
IV. Results
Shown in Figs. 8, 9, and 10 are several rover trajectories plotted from the position data returned by the rovers. The vertical axes in the charts correspond to distance in meters traveled down the intended path, the horizontal axis is distance left and right along the path. In Figs. 8 and 9 , each point represents ten seconds of elapsed simulation time. In Fig. 10 , each point represents one second of simulation time. Similar plots were formed for all twenty trials for each of the four rovers. Table 3 presents the Best and Worst Performance in each of the three performance categories: Various techniques exist to determine a designer's strength of preference. 22 These techniques may be applied to future work. For the sake of this paper, linear strength of preference curves were used as the default because the authors are not experts in rover design. To derive the linear relationship between performance characteristic and utility, one must only assign the value of the performance characteristic that correspond to maximum utility and minimum utility which have values of one and zero, respectively. These assignments are shown in the right two columns of Table 3 . In most cases maximum utility is set near the best observed measurement. Lowest utility is set near the lowest observed measurement.
For MFPR, a score of 1 was given the lowest utility. This is because, as explained above, rovers with MFPR = 1 are capable of maneuvering but require sophisticated control. For rovers with MFPR between 0.8 and 1, a utility of zero was also assigned. As a MFPR score less than 0.8 describes a rover that is not sufficiently maneuverable to perform the task, rovers receiving this score were treated as an infeasible choice for that task. This is consistent with Patel et al.'s categorization of MFPR. 20 The D rms * utility was bounded at the high end by 20. A rover that performs worse (has a higher score) than this deviates drastically from its assigned path and therefore provides no utility due to its inability to stay on the path. All measurements greater than 20 were assigned zero utility.
Two curves were used for V avg because two distinctly different speed regimes existed. The flat and uphill data were limited by the forward speed of the rover. The downhill speed range had much higher potential due to the freely rolling TRREx in ball mode. Therefore, a flat/uphill utility curve is used for the flat trials (trials 9-12) and the uphill trials (trials 1-8) while a downhill utility curve is used or the downhill trials (trials [13] [14] [15] [16] [17] [18] [19] [20] . American Institute of Aeronautics and Astronautics 
V. Analysis
A. Weighting study Table 4 shows the results of the best rover for each mission under varying performance weightings. The first column is treated as a baseline with equal weighting in all three categories. Variations from the baseline are highlighted. Clearly, no particular rover shows up as the best in all cases. The Large RB is consistently the best for flat ground. Small rovers are often preferred for hill climbing due to their short turning radiuses, giving them a boost in MFPR. In many of the uphill trials, only a few rovers could be considered viable candidates. The TRREx rovers demonstrate significant potential on the downhill portion, as the reconfiguration into ball mode allows a high performance in the V avg category. Varying the weights has very little effect on the outcomes except in the case that speed is neglected entirely which removes the advantage the TRREx rovers have on the downhill trials. 
B. Mission Study
So far the terrains have been handled as homogenous terrains with assigned characteristics. In this section the various task scores will be combined into missions comprised of a variety of terrain types. Four hypothetical missions were envisioned to demonstrate how task-wise data can be combined to provide an architecture selection for a more realistic rover mission. Here another set of weightings is assigned to represent the importance of a rover's performance in the various tasks to the performance in the overall mission. The utility score of the rover for the hypothetical mission is defined as the weighted sum of the task utilities. The four missions are described as follows: American Institute of Aeronautics and Astronautics The performance weightings were set to the baseline of 1/3 for each of the three measures. The resulting scores are shown in Table 5 with the highest utility highlighted for each mission. The results of missions one, three, and four are obvious. Mission one is largely comprised of flat terrain where large rocker bogies demonstrated proficiency. The Small TRREx is the only viable solution to trial 7 which is one of the components of mission 3. Thus it is the only viable rover for mission 3. The TRREx rover is designed specifically to have an advantage going downhill. The weighting study validated that it is favorable for downhill travel. Thus it is obvious that the TRREx rovers take the first and second spots in mission 4.
Mission two provides some deeper insights. The small rocker bogie is the ultimate winner. However, if a larger rover is desired for other design considerations, the TRREx architecture is better in the large category. This is useful information for a prospective designer. Furthermore, the small TRREx score is close to the small RB score. Therefore, mission two is a good candidate for another weighting study. In Table 6 , the weights were shifted toward speed (.333 MFPR, .167 D rms * , .5 V avg ). This switches the best choice from the small rocker bogie to the small TRREx. The weighting study showed that the selection of a rover for a particular task is insensitive to the weighting structure used. However, the mission study demonstrated that when the tasks are combined into a more complex mission, a small change to the weighting structure may cause a change in architecture choice. Since the biggest advantage provided by the TRREx is its increase in downhill speed, certainly any mission in which it is preferred to a rocker bogie must include some opportunity for it to roll downhill. This analysis demonstrates that the designer must also care sufficiently about speed or the rocker bogie will still be preferred.
VI. Conclusions
Hi-fidelity simulation is demonstrated as a highly useful tool for investigating reconfigurable architecture selection in a chaotic performance environment. Webots provided the capability to model all aspects of the rovers and terrain. A framework for performance measurement was established using utility based decision theory. Sensitivity studies on the weighting of performance measures demonstrated clear architecture selection for a given task. The mission study provided a framework for relating task performance to broader mission goals. The mission two sensitivity study illustrated the tradeoffs inherent in picking just one rover to do a mission of multiple tasks. The designer's decision about speed vs. maneuverability changed the best architecture choice.
The analyses provide insight into the relative strengths of the four designs in a variety of scenarios. The TRREx rover generally underperforms the rocker bogie at traditional rover tasks. This is largely because the rover's ability to reconfigure to ball mode imposes substantial constraints on the architecture of its rover mode. A smaller effect may be due to excessive simplification of the algorithms running the active suspension controller. The ability to transform gives the TRREx a distinct and significant advantage over the rocker bogie rover when it is used for downhill travel. Thus, a decision to pick the rocker bogie or the TRREx for a given mission would have to be based on the mission profile, taking into account the likely terrain that would be encountered. The hypothetical mission investigation validates this expectation. Mission four which requires a significant amount of downhill travel, favors the TRREx rover. A mission consisting mainly of flat and uphill travel, such as missions one and two would favor the rocker bogie system. The selection of weights is shown to have minimal impact on which rover is best for a given task as shown by the weighting investigation results.
The size parameter indicates that large rovers are good for relatively benign terrain. However, small rovers may be better for very rugged scenarios as their shorter turning diameters may allow them to navigate around rocks that are too big for even big rovers to cross. Size may not always be a choice. The criteria for payload weight and size may require a large rover. This investigation showed that if this is the case, the decision between rocker bogie and TRREx may be a function of the size of the rover as the analysis of mission two showed.
